In the event of abdominal aortic aneurysm (AAA) rupture, the outcome is often death. This paper aims to experimentally identify the rupture locations of in vitro AAA models and validate these rupture sites using finite element analysis (FEA). Silicone rubber AAA models were manufactured using two different materials (Sylgard 160 and Sylgard 170, Dow Corning) and imaged using computed tomography (CT). Experimental models were inflated until rupture with high speed photography used to capture the site of rupture. 3D reconstructions from CT scans and subsequent FEA of these models enabled the wall stress and wall thickness to be determined for each of the geometries. Experimental models ruptured at regions of inflection, not at regions of maximum diameter. Rupture pressures (mean ± SD) for the Sylgard 160 and Sylgard 170 models were 650.6 ± 195.1 mmHg and 410.7 ± 159.9 mmHg, respectively. Computational models accurately predicted the locations of rupture. Peak wall stress for the Sylgard 160 and Sylgard 170 models was 2.15 ± 0.26 MPa at an internal pressure of 650 mmHg and 1.69 ± 0.38 MPa at an internal pressure of 410 mmHg, respectively. Mean wall thickness of all models was 2.19 ± 0.40 mm, with a mean wall thickness at the location of rupture of 1.85 ± 0.33 mm and 1.71 ± 0.29 mm for the Sylgard 160 and Sylgard 170 materials, respectively. Rupture occurred at the location of peak stress in 80% (16/20) of cases and at a high stress regions but not peak stress in 10% (2/20) of cases. 10% (2/20) of models had defects in the AAA which moved the rupture location away from regions of elevated stress. The results presented may further contribute to the understanding of AAA biomechanics and ultimately AAA rupture prediction.
INTRODUCTION
The incidence of abdominal aortic aneurysm (AAA) is on the increase with approximately 150,000 new cases diagnosed in the US each year (Bengtsson et al., 1996) . Although the mortality rates associated with AAA are high, there still remains uncertainty about the correct time to surgically repair these aneurysms. Currently, the trend is to use the maximum diameter criterion (Cronenwett et al., 1985; Glimaker et al., 1991) , where AAAs that reach or exceed 5 -5.5 cm in maximum diameter are deemed a rupture risk, and subsequently repaired. However, recent research has questioned the effectiveness of this method (Raghavan et al., 2000; Sayers, 2002; Fillinger et al., 2002 Fillinger et al., , 2003 Kleinstreuer and Li, 2006; Leung et al., 2006; Vorp, 2007; Doyle et al., 2009a Doyle et al., , 2009b as it has been reported that smaller AAAs can rupture (Darling et al., 1977; Nicholls et al., 1998) and also larger AAAs may remain stable for the rest of the patients life.
The majority of previous reports have focused on computational approaches, in particular finite element analysis (FEA), to predict regions of elevated wall stress (Mower et al., 1997; Vorp et al., 1998; Raghavan et al., 2000; Di Martino et al., 2001; Thubrikar et al., 2001; Hua et al., 2001; Wang et al., 2002 , Fillinger et al., 2002 , 2003 Ventkatasubramaniam et al., 2004; Giannoglu et al., 2006; Leung et al., 2006; Papaharilaou et al., 2007; Speelman et al., 2007; Scotti et al., 2005 Scotti et al., , 2007 Truijers et al., 2007; Doyle et al., 2007 Doyle et al., , 2009a Doyle et al., , 2009b Doyle et al., , 2009c Rissland et al., 2009 ), but have neglected experimental approaches to AAA rupture. Quantitatively assessing the stress within an AAA wall has many merits and has been shown to be superior to maximum diameter alone in predicting rupture (Fillinger et al., 2003) . However, these high stress regions need to be assessed using experimental techniques to determine if FEA actually predicts the correct region of rupture. Reports by Doyle et al. (2008a Doyle et al. ( , 2009d presented comparative studies suggesting that FEA may accurately predict the high stress regions in idealised AAA models. This paper aims to examine this hypothesis experimentally in anatomically-correct AAAs. Experimental AAA models of silicone rubber were created using a reported technique (Doyle et al., 2008b) , and then imaged using computed tomography (CT). 3D reconstructions of these CT data sets allow exact numerical models to be used in computational studies in order to validate the rupture sites observed experimentally.
METHODS

Study Subjects
Four computed tomography (CT) datasets for patients with AAA were included in this study. The CT data set information involved no extra participation by the patients and complied with the guidance of the local research ethics committee. All four patients had reached or exceeded the current 5 cm threshold for surgical repair, with the geometrical characteristics shown in Table 1 . Work was also performed using an idealised AAA model that has been used extensively in previous studies by our group (Callanan et al., 2004; Morris et al., 2005; Doyle et al., 2008a Doyle et al., , 2009d . This ideal AAA was developed using realistic dimensions obtained from the EUROSTAR data registry (Laheij et al., 2001 ).
3D Reconstruction Procedure
The technique of 3D reconstruction using Mimics v12 (Materialise, Belgium) in this work has been previously reported (Doyle et al., 2008b (Doyle et al., , 2009c . The intraluminal thrombus (ILT) was neglected in this study as with previous approaches (Vorp et al., 1998; Raghavan et al., 2000; Thubrikar et al., 2001; Fillinger et al., 2002 Fillinger et al., , 2003 Scotti et al., 2005; Doyle et al., 2009a) . The thickness of the aorta wall is not easily identifiable from CT scans, therefore the wall was assumed to be uniform throughout the model and for the purpose of mould design was set as 2 mm. The same degree of smoothing was applied to each reconstruction as previously reported (Doyle et al., 2007 (Doyle et al., , 2008b . The iliac bifurcation was omitted from this study as it is believed its inclusion would not significantly alter the results (Fillinger et al., 2002) .
AAA Model Creation
An effective method of manufacturing realistic AAA silicone rubber models was utilised (Doyle et al., 2008b) . For each of the 5 geometries used in this study, 4 silicone rubber models were created with 2 being made from Sylgard 160 and 2 from Sylgard 170. In total, 20 silicone rubber AAA models (Sylgard 160, n=10; Sylgard 170, n=10) were created and tested. Figure 1 illustrates the visual difference along with the difference in mechanical behaviour between the two silicone materials. Also shown is the comparison in behaviour between these materials and that of AAA tissue reported by Raghavan and Vorp (2000) . (Raghavan and Vorp, 2000) over the AAA tissue strain range. (C) Idealised AAA These commercially available silicone rubbers have different ultimate tensile strengths (UTS) according to the Dow Corning specification sheets (Sylgard 160 = 4 MPa; Sylgard 170 = 2 MPa) and are also different in appearance (Sylgard 160 = Grey; Sylgard 170 = Black). Uniaxial tensile testing together with numerical analyses deemed that a 1 st order Ogden strain energy function (SEF) (Ogden, 1984) accurately describes both materials, with material coefficients for Sylgard 160: 3.2395; and for Sylgard 170:
CT Scanning and 3D Reconstruction
Although the silicone rubber models are designed to have a uniform wall thickness, minor deviations may still exist model was imaged using CT on a Malvern, PA, USA) prior to testing each model, the slice increment was reduced to
The 5 AAA geometries can be seen in strain response of Sylgard 160 and Sylgard 170 as determined in Doyle et al. (2009e) . (B) Comparison of stress-strain responses between Sylgard AAA tissue (Raghavan and Vorp, 2000) over the AAA tissue Idealised AAA models created with Sylgard 160 and Sylgard 170. These commercially available silicone rubbers have different ultimate tensile strengths (UTS) according to the Dow Corning specification sheets (Sylgard 160 = 4 MPa) and are also different in appearance (Sylgard 160 = Grey; Uniaxial tensile testing together with numerical analyses order Ogden strain energy function (SEF) (Ogden, 1984) accurately th material coefficients for Sylgard 160: µ = 1.6525, µ = 0.6988, α = 2.9741 (Doyle et al. (2009e) .
and 3D Reconstruction of Silicone AAA Models
Although the silicone rubber models are designed to have a uniform wall thickness, minor deviations may still exist (O'Brien et al., 2005; Doyle et al., 2008b) .
model was imaged using CT on a Siemens Somotom Sensation 64 rior to testing. In order to obtain the most accurate image of each model, the slice increment was reduced to 0.5 mm with a pixel size of 0.287 mm.
The 5 AAA geometries can be seen in Figure 2 . The 3D reconstructions take into strain response of Sylgard 160 and Sylgard 170 as determined in strain responses between Sylgard AAA tissue (Raghavan and Vorp, 2000) over the AAA tissue and Sylgard 170. These commercially available silicone rubbers have different ultimate tensile strengths (UTS) according to the Dow Corning specification sheets (Sylgard 160 = 4 MPa) and are also different in appearance (Sylgard 160 = Grey; Uniaxial tensile testing together with numerical analyses order Ogden strain energy function (SEF) (Ogden, 1984) 
Experimental Modelling
An experimental test rig was designed allowing each model to be connected to a wall thickness in the experimental models, thus enabling numerical models to be analysed. 
Computational Modelling
To correlate experimental and numerical results, the experiments were reproduced in the finite element solver ABAQUS v6.7 (Dassault Systemes, SIMULIA, Rhode Island, USA). 3D reconstructions from CT data sets of the silicone models were used in these analyses. These reconstructions allow identical numerical replications of the experimental models to be analysed, incorporating any variations in wall thickness in the model. Mesh independence was performed as previously published (Wang et al., 2002; Truijers et al., 2007; Doyle et al., 2007 Doyle et al., , 2009a Doyle et al., , 2009b . Each model was rigidly constrained at the proximal and distal regions, and a uniform static air pressure applied to the internal surface of each model. The material properties used for these analyses were determined in a previous publication (Doyle et al., 2009e) . Both Sylgard 160 and 170 were modelled using a 1 st order Ogden strain energy function.
For a full description of these materials, including material coefficients, the reader can refer to Doyle et al. (2009e) . To examine if the location of elevated stresses altered with increasing internal pressure the idealised model was initially subjected to an internal pressure of 120 mmHg (16 kPa), and the location of elevated stresses recorded. The pressure was then increased in 60 mmHg (8 kPa) increments to 360 mmHg (48 kPa), and the locations of elevated stresses again recorded. For each numerical rupture test the mean rupture pressure for that set of models (Sylgard 160 = 650 mmHg and Sylgard 170 = 410 mmHg) was applied internally and the resulting von Mises wall stress examined.
Measurement of Wall Thickness
The variation in wall thickness in each of the five AAA geometries was examined using the CT images of the silicone models in Mimics v12. The process of measurement is shown in published wall thickness reports of experimental rubber models (O'Brien et al Doyle et al., 2008b Doyle et al., , 2009d . 
Qualitative Assessment of Rupture Locations
In order to qualitatively assess th computationally, a virtual reference of each rupture site, and subsequent high stress regions could then be compared. 
RESULTS
Experimental Modelling
The results of the experimental rupture tests revealed for the various AAA models as shown in Figure   lower On average, the AAA models created using the weaker silicone rubber (Sylgard 170) ruptured at lower pressures than those made using the stronger silicone (Sylgard 160). 
Computational Modelling
Stress distributions do not significantly change with increasing internal pressures rather the magnitude of the wall stresses increase, as shown in Figure 6 for the Ideal AAA case. Figure 7 shows the stress contours observed in the AAA case of Patient 1.
Again, with realistic geometries the overall stress distributions, in particular the high stress regions, remain the same independent of internal pressure. Table 2 : Resulting stress contours on the outer surface of the Sylgard 170 AAA of Patient 1. Internal pressure for this case was (A) 120 mmHg and (B) the average rupture pressure for the Sylgard 170 silicone rubber (410 mmHg). Similar stress distributions were observed for both high and low pressures. In this particular case, the proximal anterior region of the AAA experiences the peak wall stress, with elevated stresses (shown as green areas) also along the midsection of the Model shown in the undeformed state.
: Peak wall stress results for each AAA case. Shown also is the peak stress as a percentage of the UTS. 
Wall Thickness
The results of the wall thickness study can be seen in Figure 8 . The wall thickness was also measured at the exact site of rupture in each experimental model. These results are presented in Table 3 with the average rupture thicknesses compared to the average wall thickness. The wall thickness at the site of rupture was significantly lower (p=0.006) than the mean wall thickness of that model. The mean ± SD wall thickness at the rupture sites were 1.85 ± 0.33 mm and 1.71 ± 0.29 mm for the Sylgard 160 and Sylgard 170 materials, respectively. There was no relationship between rupture pressures and wall thickness at rupture site (Sylgard 160 models:
p=0.688, Sylgard 170 models: p=0.881).
Figure 8: Box and whisker plot showing wall thickness categorised by AAA case. The boxes indicate the 25 th and 75 th percentiles of the group, and the whiskers show maximum and minimum measurements. The mean ± SD wall thickness of all the five models (n=200) examined was 2.19 ± 0.40 mm. The maximum wall thickness was 3.7 mm and the minimum was 0.91 mm. 
Comparison of Rupture Locations
The experimental rupture locations agreed with regions of both peak and high numerical wall stress. In two AAA models, the experimental rupture site did not correlate with numerical results, and were thus further analysed. Causes for the discrepancies are shown in Figure 10 and were a result of localised flaws in the experimental models. These flaws are discussed later. (Doyle et al., 2009e) and may be the most suitable until more realistic materials are developed.
Experimental Modelling
Burst pressures were higher for the Sylgard 160 models (650.6 ± 195.1 mmHg) than the Sylgard 170 models (410 ± 159.9 mmHg) possibly due to the differences in material UTS. The ideal AAA models ruptured at the distal regions of inflection and not at regions of maximum diameter. These rupture locations are consistent with those previously reported (Doyle et al., 2008a (Doyle et al., , 2009d . All realistic AAA geometries also ruptured at regions of inflection. Only the Sylgard 160 models of Patient 1 ruptured at regions near the maximum diameter, although at these rupture locations there was a sharp localised change in curvature over a very short length. The location of rupture in other models varied. All rupture locations can be found in the Appendix.
Computational Modelling
It was noted that the locations of peak and elevated stress do not noticeably change with increasing pressure, but rather increase in magnitude (Figures 6 and 7) . Each model was subjected to the corresponding mean experimental rupture pressure (Sylgard 160 models = 650.6 ± 195.1 mmHg and Sylgard 170 models = 410 ± 159.9 mmHg). Stress distributions on the realistic AAA geometries of Patients 1 -4 revealed that an AAA may have several regions of elevated stress. These high stress regions are due to the morphology of the particular AAA and also minor variations in wall thickness from the manufacturing process. Figure 7 illustrates how a particular AAA geometry may have several regions of elevated wall stress, indicating possible rupture sites. The minor changes in stress distributions between the physiological pressure (120 mmHg) and the high pressure (410 mmHg) shown in Figure 7 is due to the significant changes in geometry at high internal pressures. There was no relationship between models rupturing at lower pressures and the numerical results showing higher percentages of the UTS. As shown in Table 2 the peak wall stress did not exceed the UTS of the material for the Sylgard 160 models and exceeded the UTS for only 30% of the Sylgard 170 models. This may be due to the numerical models neglecting any microscopic flaws. Although the numerical models exactly replicate the experimental models in terms of geometry obtained from the CT scans, microscopic air bubbles may be present in the experimental models, thus resulting in the FEA results under-estimating the peak stress at a specific internal pressure. As a result of this, numerical models may have lower UTS values than their experimental counterparts and this reflected in the computational results.
Wall Thickness
The mean ± SD wall thickness observed (2.19 ± 0.4 mm) may be higher than the original 2 mm design due to the contraction of the wax model upon solidification, whereas, the large range in wall thickness (0.91 -3.7 mm) may be attributed to the positioning of the wax model inside the outer mould. The wall thickness at specific rupture sites, along with the average wall thickness and average rupture thickness for each model are presented in Table 3 . There was no relationship shown between wall thickness and burst pressure (Sylgard 160 models, p=0.688, Sylgard 170 models, 
Significance of Results
It is understood that an AAA will fail when the wall stress exceeds the wall strength, with wall thickness and heterogeneity of the wall contributing to rupture. Peak stress is still regarded as the primary outcome of FEA when analysing AAAs, but posterior wall stress (Doyle et al., 2009a) or the 99 th percentile of peak stress (Speelman et al., 2008 ) may also provide guidance on AAA burst behaviour. The strength of the AAA wall is believed to be patient-specific with recent reports of methods to statistically predict strength based on relevant risk factors . Rupture of AAAs may also be dependent on wall heterogeneity. As witnessed in this study, AAAs will fail at regions where the wall is locally damaged or defected. The situation presented here, where two models failed due to defects in the wall can be compared to the in vivo setting of AAAs. Calcifications (Speelman et al., 2007; Li et al., 2008) , blebs (Hunter et al., 1989) and localised hypoxia (Vorp et al., 2001 ) all affect the AAA wall. Calcifications have been shown to act as stress raisers in the diseased wall (Speelman et al., 2007) by creating regions of material mismatch. Tears could propagate at these boundaries resulting in failure of the either the in vivo AAA, or the experimental model if calcifications are incorporated into the analogue. The flaws observed in the models examined here are more akin to blebs or hypoxic regions, as the wall itself is weakened rather than a calcification analogue.
Although wall thickness does influence wall stress, it may not influence rupture to the same extent. Even though there were significant differences (p=0.006) in the wall thickness at rupture sites compared to the average wall thickness of that model, the minimum wall thickness observed in this study was 0.91 mm, yet this region did not experience rupture. Models did not necessarily rupture at the thinnest region.
Therefore, in vivo, thin walled regions may be strong enough to withstand the pulsatile forces of the cardiac cycle, whereas thicker regions may be weaker due to conditions such as those previously mentioned, and vice versa. Therefore, not only is wall strength a key factor of rupture, but surface anomalies may influence the location of AAA rupture.
This work is not without limitations. The number of cases examined is low and therefore statistical significance was not achieved. Increasing the numbers of models per AAA geometry may enhance the results and highlight any significant relationships in rupture potential. Static air pressure was used to pressurise the inner surface of the experimental models. In vivo the AAA is subjected to a cyclic pulse of pressure and fluid force, factors which were neglected in this study. The arterial wall analogue could be improved to create more realistic material properties and non-uniform wall strength (Raghavan et al., 2006) . Also, the method of wall thickness measurement could be improved as it may be currently overestimating values using the reported methodology. This current technique is limited to the parallel nature of CT scans, whereas, if measurements were obtained perpendicular to the centreline of the AAA, determination of wall thickness may be more accurate. The reconstructions used in this study are based on CT scans that were not cardiac-gated which can sometimes result in poor reconstructions. It is possible to correct for this using smoothing methods like those employed here (Doyle et al., 2007) but surface irregularities can still remain and a slight "wrinkling" of the surface can be seen. Future work should only use cardiac-gated CT scans to eliminate this issue. The results and conclusions presented here are based on silicone models of AAAs which are arguably not comparable to real AAAs due to the diseased nature of the in vivo AAA wall.
Ultimately it is hoped to apply the methodologies reported here to excised whole AAAs from cadavers and examine if numerical tools still accurately predict locations of rupture.
CONCLUSIONS
Experimental modelling determined that AAAs rupture at regions of elevated wall stress and not at regions of maximum diameter. These rupture locations were confirmed using the finite element method. Computational results indicate several regions of elevated wall stress in AAA geometries, with rupture occurring at the location of peak stress in 80% (16/20) of models. Surface defects affect rupture location, moving the site of rupture away from the regions of high wall stress to the defected region. The results presented here, along with the future work using actual AAAs, may further contribute to the understanding of AAA biomechanics and ultimately AAA rupture prediction.
